Objective: Hyperandrogenism, insulin resistance, and altered adipocytokine levels characterize polycystic ovary syndrome (PCOS) women of reproductive age. Hyperandrogenism persists in postmenopausal PCOS women. In the latter, this study aimed at investigating carbohydrate metabolism, adipocytokines, androgens, and their relationships. Subjects and methods: Blood sampling from overweight postmenopausal women (25 PCOS and 24 ageand BMI-matched controls) at baseline and during oral glucose tolerance test for measurement of insulin and glucose levels, baseline leptin, adiponectin, visfatin, retinol-binding protein 4, lipocalin-2, androgen, and high-sensitivity C-reactive protein (hs-CRP) levels and for calculation of insulin sensitivity (glucose-to-insulin ratio (G/I), quantitative insulin sensitivity check index, and insulin sensitivity index (ISI)), resistance (homeostasis mathematical model assessment-insulin resistance (HOMA-IR)), secretion (D of the area under the curve of insulin (DAUCI), first-phase insulin secretion (1st PHIS), and second-phase insulin secretion (2nd PHIS)), and free androgen indices (FAI). Results: PCOS women had higher insulin secretion indices, hs-CRP, androgen, and FAI levels than controls without differing in baseline glucose, insulin and adipocytokines levels, insulin sensitivity, and resistance indices. In PCOS women, FAI levels correlated positively with baseline insulin, DAUCI, HOMA-IR, and DAUCG and negatively with G/I; hs-CRP levels correlated positively with DAUCI and negatively with ISI. PCOS status, waist circumference, and 17-hydroxyprogesterone (17-OHP) levels were positive predictors for DAUCI. In all women, waist circumference was a negative predictor for ISI; 17-OHP and FAI levels were positive predictors respectively for baseline insulin levels and for 1st PHIS and 2nd PHIS. Conclusions: Early postmenopausal PCOS women are characterized by hyperinsulinemia but attenuated insulin resistance. PCOS status and waist circumference are predictors of hyperinsulinemia while insulin sensitivity correlates negatively with FAI. The differences reported in adipocytokine levels between PCOS and non-PCOS women in reproductive years seem to disappear after menopause. 168 83-90 
Introduction
Polycystic ovary syndrome (PCOS) is the most common endocrinopathy in the female population (1) and is characterized by both reproductive and metabolic aberrations. Insulin resistance and compensatory hyperinsulinemia are present in about 50-70% of premenopausal PCOS women (2) . Consequently, the latter present a three-to seven-fold higher risk of developing impaired glucose intolerance and type 2 diabetes mellitus (T2DM) compared with the general population (3) .
Insulin resistance in PCOS is considered to be the result of both intrinsic and acquired functional disturbances. The positive correlation between insulin resistance and hyperandrogenism in PCOS women of reproductive age is well documented. Androgens reduce insulin sensitivity in skeletal muscles (4) , while increased testosterone levels induce insulin resistance in the adipocytes of PCOS women in vitro (5) . In addition, insulin resistance via the resulting hyperinsulinemia is associated with enhanced ovarian androgen production in women of reproductive age with PCOS (6) . Conversely, others report the presence of insulin resistance in PCOS only in the face of elevated androgen levels (7) .
Abdominal obesity is a frequent characteristic in patients with PCOS (8) . Excessive visceral adipose tissue accumulation induces insulin resistance through various mechanisms including adipocytokine production. In fact, adipocytokine secretion is dysregulated in PCOS women of reproductive age, while altered adipocytokine levels, including leptin, adiponectin, and more recently visfatin, retinol-binding protein 4 (RBP4), and lipocalin-2, have been implicated in aberrations of carbohydrate metabolism and in the pathophysiology of insulin resistance (9, 10, 11) . Moreover, there seems to be a complex association between insulin resistance, obesity, and low-grade chronic inflammation in PCOS. High-sensitivity C-reactive protein (hs-CRP), a stable marker of chronic subclinical inflammation, has been inversely correlated with insulin sensitivity in women with and without PCOS (12, 13) and has been suggested as an independent predictor of the risk for T2DM (14) .
The evolution of the metabolic profile of PCOS women into menopause is not well explored as yet. Long-term follow-up studies of women with PCOS show significantly higher prevalence of glucose metabolism disturbances than in healthy women, indicating that the risk for T2DM is sustained as they reach menopause (15) . There is evidence that hyperandrogenism resolves partially in women with PCOS in perimenopause (16) , although, as we have recently shown, androgens of both ovarian and adrenal origin are higher in postmenopausal women with PCOS compared with controls (17) . These changes might influence insulin resistance in PCOS women. In addition, data regarding adipocytokines and CRP levels in postmenopausal PCOS women are scarce.
Thus, the aim of this study was to investigate carbohydrate metabolism indices and adipocytokine levels as markers of adipose tissue as well as their correlations with the androgen profile in PCOS women at early postmenopause compared with non-PCOS women. To do so, we measured insulin secretion and resistance indices during a 75 g oral glucose tolerance test (OGTT), as well as baseline androgen (17-hydroxyprogesterone (17-OHP), D 4 -androstenedione (D 4 A), DHEAS, total testosterone, sex hormone-binding globulin (SHBG), free androgen index (FAI), and estradiolto-total testosterone ratio), fasting adipocytokine (leptin, adiponectin, visfatin, RBP4, and lipocalin-2), and hs-CRP levels, and investigated their correlations in postmenopausal PCOS and control women.
Materials and methods

Patients and control subjects
Twenty-five postmenopausal women with PCOS and 24 age-and BMI-matched healthy controls were included in this study (Table 1 ). All women were followed in our unit before and after their pregnancies until after their menopause. Thus, each subject had a detailed record of their menses and of their clinical and biochemical status of hyperandrogenism. Diagnosis of the menopausal status was based on a history of more than 12 months of amenorrhea after the final menstrual period and on serum FSH levels O30 IU/l. Diagnosis of PCOS was confirmed retrospectively and was based on the National Institute of Health criteria established in 1990 (18) . All subjects with a history of oligomenorrhea (less than eight menses per year) and signs of clinical and/or biochemical hyperandrogenism in their record were diagnosed as patients with PCOS. The retrospective diagnosis of the PCOS status in the women participating in this study, although based on their detailed medical records, could be considered as a limitation of the study. Up to now, there are no defined criteria for the de novo diagnosis of PCOS in menopause. All control subjects were characterized by regular menses and by absence of clinical and biochemical Among all subjects included in the study, three PCOS women and four control women were smokers (!10 cigarettes/day) at the time of the study. The study was approved by our institution ethics committee and all subjects gave written informed consent.
Protocol
A complete medical history was obtained from all subjects. All subjects underwent standard anthropometric examination including weight, height, and waist and hip circumference measurements. Skinfold thickness at four body sites (biceps, triceps, suprailiac, and subscapular skinfold) was also measured. Blood sampling was obtained at 0800 h from all subjects, after a 12-h fast, for measurements of glucose, insulin, leptin, adiponectin, visfatin, RBP4, lipocalin-2, FSH, LH, estradiol, prolactin, progesterone, 17-OHP, D 4 A, DHEAS, total testosterone, SHBG, and hs-CRP levels at baseline followed by a 2-h OGTT.
Methods
Anthropometry Weight in kilograms and height in meters were measured using an electronic scale and a stadiometer respectively, and BMI in kilograms per square meter was calculated (Table 1) . Maximum hip and waist circumferences in centimeters were measured in duplicate using a flexible tape and waist-to-hip ratio was calculated. Skinfold thickness was measured on the right side of the body using a Harpenden skinfold caliper (Assist Creative Resources Ltd., Wrexham, UK) in triplicate to the nearest 0.1 mm. Biceps and triceps skinfold thicknesses were measured at the midpoint of the upper arm, between the acromion process, and the tip of the bent elbow. Suprailiac skinfold was pinched at 2-3 cm above the iliac crest on the lateral side and midaxillary line. Subscapular thickness was measured at the natural fold w2-3 cm below the shoulder blade at an oblique angle. Percentage of total body fat was estimated from skinfold thicknesses (19) .
Oral glucose tolerance test At 0800 h, patients, after a 12-h fast, were placed on bed rest for the duration of the procedure and were given 75 g glucose orally.
Blood sampling was performed at 5, 15, 30, 60, 90, and 120 min after glucose administration for the measurement of glucose and insulin levels.
Hormone and adipocytokine assays Plasma and serum from all blood samples were separated in a centrifuge within 30 min from blood withdrawal, stored in polystyrene tubes, and frozen at K70 8C until assayed. Serum insulin levels were measured by a chemiluminescent microparticle immunoassay (CMIA; Abbott Laboratories, Abbott Park, IL, USA); detection limit (DL) was 1.0 mU/ml; and total coefficient of variation (CV) was !7%. Serum DHEAS and SHBG levels were measured by an electrochemiluminescence immunoassay (ECLIA; Roche Diagnostics, Mannheim, Germany); DL was 0.1 mg/dl and 0.35 nmol/l respectively; total CV was !4.7 and !5.6% respectively. Serum total testosterone, FSH, LH, estradiol, progesterone, and prolactin levels were measured by a microparticle enzyme immunoassay (MEIA; Abbott Laboratories); DL was 0.1 ng/ml, 0.4 mIU/ml, 0.5 mIU/ml, 20 pg/ml, 0.2 pg/ml, and 0.6 ng/ml respectively; total CV was found to be !12, 5.1-10.1, 5.2-10, 4.4-13.1, 3.4-11.7, and 3.4-6.3% respectively. FAI was calculated as the ratio of total testosterone (nmol/l) to SHBG (nmol/l) levels!100 (20) . Estradiolto-total testosterone ratio was calculated, as a measure of relative hyperandrogenism, after conversion of their values to the same units (pg/ml). Estrone, although being the principal estrogen in women after menopause, was not measured because the appropriate methodology for the measurement of estrone levels is quantitative high-performance liquid chromatography-tandem mass spectrometry to which we had no access (21) . Serum D 4 A, 17-OHP, and adiponectin levels were measured by ELISA (IBL-America, Minneapolis, MN, USA; BioSource, Nivelles, Belgium; and Orgenium, Vantaa, Finland respectively); DL was 2, 0.03, and 0.185 ng/ml respectively; total CV was !12, !8, and !12% respectively. Serum leptin levels were measured by a fluorescent immunoassay with Luminex xMAP technology (Millipore Corp., Billerica, MA, USA); DL was 35 pg/ml; interassay CV was 7%. Serum visfatin levels were measured using a visfatin C-terminal ELISA kit (Phoenix Pharmaceuticals, Inc., Belmont, CA, USA); DL was 1.85 ng/ml. Serum lipocalin-2 and RBP4 levels were measured by a solid-phase ELISA method (R&D Systems, Minneapolis, MN, USA); DL was 0.012 and 0.053 ng/ml respectively; interassay CV was 5.6-7.9 and 5.8-8.6% respectively. Because some adipocytokines are associated with central adiposity, we calculated the adipocytokine-to-waist circumference ratio to better reflect this association.
Glucose and hs-CRP assays Hexokinase/G-6-PDH methodology was used for glucose measurements (Abbott Laboratories); DL was 2.5 mg/dl; total CV was !5%. Serum hs-CRP levels were measured with a fully automated latex particle-enhanced immunonephelometric assay (Dade Behring, Siemens Healthcare Diagnostics, North Salt Lake, UT, USA); DL was 0.175 mg/l; interassay CV was !7%.
Indices of carbohydrate metabolism
The following mathematical calculations were performed from fasting and OGTT-derived measurements in order to estimate insulin sensitivity and resistance, b-cell function, and insulin secretion indices:
Carbohydrate metabolism indices derived from fasting values Insulin sensitivity indices: Glucose-to-insulin ratio (G/I)Zglucose at baseline (mg/dl)/insulin at baseline (mmol/l) (22) .
Quantitative insulin sensitivity check index (QUICKI) Z1/(log(insulin)(mIU/ml)Clog(glucose)(mg/dl)) (23).
Insulin resistance index: Homeostasis mathematical model assessment-insulin resistance (HOMA-IR)Z(insulin at baseline (pmol/l)! glucose at baseline (mmol/l)) (24) .
Carbohydrate metabolism indices derived from OGTT results
To avoid inaccurate estimation of insulin sensitivity by fasting insulin, QUICKI, and G/I as it has been suggested in the past (25), we also employed the insulin sensitivity index (ISI) (26) . 
Statistical analysis
Data with a Gaussian distribution are expressed by meanGS.E.M. and data with a skewed distribution are expressed as median and interquartile range. Hormonal and clinical parameters were compared with Student's t-test for normally distributed variables and with the Mann-Whitney U test for variables with a skewed distribution. Glucose and insulin levels during OGTT were normally distributed and were compared between postmenopausal women with PCOS and controls by one-way ANOVA for repeated measures. Multiple regression analysis was performed to investigate correlations among each carbohydrate metabolism parameter to hs-CRP and to each androgen and adipocytokine using the PCOS/control status as covariate in the whole group of the women studied. By this model, the interaction of the status with the independent variable was taken into account in each analysis. To define predictive variables (predictors), backward stepwise multiple regression analysis was performed. Carbohydrate metabolism parameters were employed as dependent variables while waist circumference, FAI, 17-OHP and hs-CRP levels, and the PCOS/control status as independent variables. P value !0.05 was considered statistically significant. All statistical analyses were performed using Statistica 6.0 software (StatSoft, Inc., Tulsa, USA).
Results
Anthropometric characteristics, baseline carbohydrate metabolism parameters, and OGTT-derived indices
Waist circumference and waist-to-hip ratio values were higher (P!0.05) in postmenopausal PCOS women compared with controls (Table 1) . Age, number of years since menopause, weight, BMI, percentage of total body fat, fasting glucose and insulin levels, baseline and OGTT-derived insulin resistance and sensitivity indices did not differ significantly between postmenopausal PCOS and control women. Glucose and insulin levels during OGTT are presented in Fig. 1  (A and B respectively) . During OGTT, postmenopausal PCOS women had higher DAUCI (P!0.05), 1st PHIS (P!0.01), and 2nd PHIS (P!0.01) values than control women.
Baseline hormones, adipocytokines, and hs-CRP levels
Postmenopausal PCOS women had higher baseline progesterone (P!0.05), 17-OHP (P!0.05), D 4 A (P!0.05), DHEAS (P!0.05), total testosterone (P!0.05) and FAI (P!0.001) levels, and lower SHBG (P!0.01) and estradiol-to-total testosterone ratio (P!0.01) levels than control women. LH, FSH, estradiol, and prolactin levels did not differ between postmenopausal PCOS and control women, while postmenopausal PCOS women had higher hs-CRP levels (P!0.01) compared with controls (Table 2) .
There was no significant difference in fasting leptin, adiponectin, visfatin, and RBP4 levels between the two groups, while PCOS women presented a trend of higher lipocalin-2 levels than control women (PZ0.07). All ratios of each adipocytokine levels to waist circumference did not differ between the two groups, except that of lipocalin-2 levels to waist circumference, which was higher (P!0.05) in postmenopausal PCOS than in control women.
Correlations
By employing multiple regression analysis with the PCOS/control status included as covariate, significant correlations among carbohydrate metabolism parameters and androgen, adipocytokine, or hs-CRP levels emerged with regard to the PCOS group (Table 3) .
Predictors of carbohydrate metabolism parameters
According to backward stepwise multiple regression analysis PCOS status, waist circumference and 17-OHP levels were significant positive predictors for DAUCI and total AUC of insulin (TAUCI). Waist circumference was a significant negative predictor for ISI while 17-OHP and FAI levels were significant positive predictors for baseline insulin levels and 1st PHIS and 2nd PHIS respectively.
Discussion
We found that postmenopausal PCOS women presented with hyperinsulinemia during OGTT compared with age-and BMI-matched controls. Glucose levels as well as insulin sensitivity and resistance indices at baseline and during OGTT did not differ between the two groups. Insulin resistance reports on postmenopausal PCOS women are scarce. In postmenopausal PCOS women, Puurunen et al. (27) found hyperinsulinemia during OGTT as well, while baseline insulin and glucose levels, ISI, Matsuda and HOMA-IR indices, and OGTT glucose levels did not differ between the PCOS and the control groups. Thus, it seems that in early postmenopause, insulin resistance does not differ between PCOS and control women, in contrast to the well-documented higher insulin resistance between them during reproductive age (28) . Insulin secretion, however, is higher in early postmenopausal PCOS than in control women, indicating that b-cell function maintains its enhanced response in the former. This hyperinsulinemia in PCOS during early postmenopause could be attributed to b-cell hypertrophy persisting from its adaptation to the increased insulin resistance of reproductive years.
We have also found that postmenopausal PCOS women presented with higher androgen levels of both adrenal and ovarian origin compared with controls, in accordance with our recent report (17) . In postmenopausal PCOS women, FAI levels correlated positively with fasting and OGTT insulin levels and with OGTT glucose levels. They also correlated positively and negatively with insulin resistance and sensitivity indices respectively. In addition, when all women were taken into account, they were the best positive predictors for insulin secretion indices (1st PHIS and 2nd PHIS) while 17-OHP levels were the best positive predictors for fasting insulin levels. In PCOS women of reproductive age, insulin resistance leads via hyperinsulinemia to enhanced ovarian androgen production (6), while elevated androgen levels have an unfavorable impact on insulin sensitivity (29) . Thus, it seems that, in PCOS women in early postmenopause, the positive correlation between androgen levels and insulin resistance persists. During menopause, insulin resistance worsens in non-PCOS women (30, 31) , while PCOS women over 35 years up to early menopause present with lower sensitivity but a well-preserved b-cell function in comparison with controls (15) . Furthermore, total and free testosterone levels decrease in women with PCOS before menopause compared with their early reproductive age, remaining, however, higher than those of Insulin (µlU/ml) 60 90 120 Figure 1 Glucose (A) and insulin (B) levels (meanGS.E.M.) during OGTT in postmenopausal PCOS (straight line) and control (dotted line) women. There was no difference in glucose levels at each time-point between postmenopausal PCOS and control women, while insulin levels at 15, 30, 60, and 90 min after glucose administration were higher in postmenopausal PCOS than in control women (one-factor ANOVA repeated measures). Inset (a) and (b) present the predicted index of first-phase insulin secretion (1st PHIS) and second-phase insulin secretion (2nd PHIS) levels (meanGS.E.M.) respectively in postmenopausal PCOS (black columns) and control (lineated columns) women during OGTT. Asterisk (*) indicates a statistically significant difference (P!0.05) from controls.
Insulin and adipokines in PCOS after menopause age-matched control women (16) . Interestingly, in this study, during OGTT, DAUCG did not differ between overweight postmenopausal PCOS and control women while DAUCI was higher in the former. This response resembles that observed by Dunaif et al. (28) between lean PCOS and control women of reproductive age. One might suggest that after menopause, insulin sensitivity improves in PCOS women and worsens in control women due to the relative decrease and increase respectively of hyperandrogenism compared with premenopause. This might explain why upon early postmenopause there is no significant difference in insulin resistance between PCOS and control women, while hyperinsulinemia in PCOS women persists. In this study, hs-CRP levels were higher in postmenopausal PCOS compared with controls, in accordance with the findings of studies in premenopausal PCOS women (32) . Apparently, this is due to the higher abdominal fat accumulation of the latter compared with controls as well as with their PCOS status (32, 33) . In PCOS, hs-CRP levels correlated positively with insulin secretion and negatively with insulin sensitivity indices. CRP levels correlate positively with baseline insulin levels in overweight postmenopausal women with normal and impaired OGTT (34) . Interestingly, in this study, hyperinsulinemia was best predicted by PCOS status, 17-OHP levels and waist circumference, among PCOS status, waist circumference, FAI, 17-OHP, and hs-CRP levels as independent variables, indicating that the PCOS status per se increases hyperinsulinemia after menopause. Of note, in the postmenopausal women of this study, waist circumference predicts insulin sensitivity independently of the PCOS status.
In this study, postmenopausal overweight PCOS women had higher abdominal fat accumulation than their age-and BMI-matched controls, without differing in total body fat percentage. PCOS is frequently characterized by abdominal adiposity regardless of BMI (35) , while aging and possibly menopause are also associated with fat mass increase and redistribution to the abdominal area (36) . Adipocytokine levels represent an important link between adipose tissue and insulin resistance. Although some adipocytokines are found increased in parallel to abdominal adiposity (37, 38) , in this study, there was no difference in leptin, adiponectin, visfatin, RBP4, and lipocalin-2 levels between PCOS and control women. In premenopausal PCOS women with increased insulin resistance, adiponectin and leptin levels are respectively lower and similar to their levels in non-PCOS women after adjustment for obesity (39) . Most studies report higher levels of visfatin, an insulinomimetic hormone, in Table 3 By employing multiple regression analysis, in which the PCOS/control status was included as a covariate, significant (P!0.05) correlations among carbohydrate metabolism parameters and androgen, adipocytokine, or hs-CRP levels emerged with regard to the PCOS group (r indicates coefficient of correlation). premenopausal PCOS women compared with controls after adjustment for obesity (40) , while, in the past, lipocalin-2 levels have been found to be elevated in premenopausal PCOS women (41) . In this study, the absence of difference in adipocytokines levels between postmenopausal PCOS and control women is corroborated to the absence of difference in the adipocytokine to waist circumference ratio between the two groups of women. Only lipocalin-2 levels-to-waist circumference ratio was higher in postmenopausal PCOS than in control women, stressing the role of visceral adipose tissue. Of note, in this study, visfatin levels correlated positively with FAI in postmenopausal PCOS women similar to correlations found in PCOS women of reproductive age (42) .
In conclusion, early postmenopausal overweight women with PCOS are characterized by hyperinsulinemia, abdominal adiposity, and hyperandrogenism with no difference in insulin resistance compared with control women, indicating that some of the major pathophysiological features of PCOS are present after menopause albeit to a lesser extent. In addition, in postmenopausal PCOS women, androgens correlated positively with OGTT insulin response while insulin secretion was best predicted by FAI levels. Parallel to the amelioration of insulin resistance in PCOS after menopause, adipocytokine levels do not differ between postmenopausal PCOS and non-PCOS women. Further studies in late menopause in PCOS women are needed to clarify the pathophysiological features and the evolution of the correlation between insulin resistance and hyperandrogenism. In face of the persistence of the metabolic and hormonal aberrations in postmenopausal PCOS women, clinical attention is mandatory in order to identify and prevent the disturbances in carbohydrate metabolism and its sequelae.
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